In this paper, the reduction of the displacement responses of the elevator ropes under earthquake excitation has been investigated. The simultaneous vibrations of main rope and compensation rope in a high-rise building under earthquake excitation have been simulated. The varying length of rope is considered that caused the variation of other rope parameters such as mass, damping and stiffness. In order to reduce displacement responses of the compensation rope and the main rope, an actuator device which will change the tension of the ropes is applied at the compensation sheave. The vibrations of both ropes are analyzed by solving numerically the governing equations. A controller is proposed to restrain the displacement responses of the both ropes. A Genetic Algorithm which minimizes the displacement of the ropes and optimizes the control parameters, is introduced and applied to the high-rise elevator rope under earthquake excitations. The expected parameters are provided by standard deviation method. By using the expected control parameters, the proposed method is applied to control the vibrations of both ropes under some cases of earthquakes which are different with the earthquakes in Genetic Algorithm process. The results of the simulation validate the effectiveness of the proposed control method for reducing the displacement responses of the ropes.
Introduction
In recent years, a great number of high-rise buildings has been constructed. It leads to increasing demand of high-rise elevator systems. The elevator systems installed in high-rise buildings are required easy operation, ensure comfort and safety for the passengers. However, the dimensions of the high-rise elevator systems make them more unstable during extreme environment conditions such as strong winds or earthquakes. Moreover, the fundamental natural frequency of the elevator ropes become low when the length of the ropes increases. The resonance phenomenon can happen while the building is excited by environment forces. The vibrations of the elevator ropes can cause themselves damaged by impacting with other device in elevator shaft. Hence, the vibrations of elevator rope in high-rise building are required to analyze and control under environment excitations. To the best of our knowledge, this has not been proposed in the past study based on GA to control the simultaneous vibration of the compensation rope and the main rope in a high-rise elevator system under earthquake excitation.
There are some researches about analyzing the vibration of lift systems. Kaczmarczyk et al. (2009) proposed a non-stationary model of a compensation rope and analyzed the vibration of the rope. However, this research had not considered control the vibration of rope. Based on his previous paper, Kaczmarczyk (2011) had proposed an active stiffness control for transverse vibration of compensation rope. The control gain was defined and it may not be good Nguyen, Miura and Sone, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) parameter to control the vibration under other excitations. Wang and Xu (2008) proposed an active control algorithm using the stiffness control method to restrain wind-rain-induced vibration of prototype cables. However, the authors had not considered the stability of the control method and it may not be good effective under another case of environment. Zhu and Chen (2004) investigated the lateral response of a moving elevator cable subjected to external excitation due to building sway, pulley eccentricity and guide-rail irregularity. However, the model had only analyzed the vibration of the main rope in elevator system. Bao et al. (2011) analyzed the response of flexible hoisting system based on Hamilton's principle and a Lyapunov controller which could dissipate the vibration energy was proposed. The study had only considered the vibration of the main rope with time-varying length. In addition, the research had not considered the vibration of the rope under earthquake or wind excitations. In other research, Bao and Zhang (2014) investigated about the nonlinear vibration of flexible hoisting rope with varying length. The dynamic stability of the flexible hoisting cable was considered based on Lyapunov theory (Bao et al., 2015a) . The authors (Bao et al., 2015b) performed an experiment about vibration of flexible hoisting rope. However, the model had not considered the compensation rope, compensation sheave and the simultaneous vibration of main rope and the compensation rope. Otsuki et al. (2006) considered changing the natural frequency of the elevator rope by using a vibration suppressor. proposed a new practical method of reducing rope vibration by using vibration suppressors which are installed along the full length of the rope. However, the both researches are only considered a case that the length of the rope is constant. Kimura et al. proposed a theoretical solution to the force vibration of the main rope that one end moves with time or both ends move with time (Kimura et al., 2008) . However, the theory assumed that the rope tension and rope velocity were constant and the damping coefficient of the rope was very small. Zhang et al. (2013) analyzed the nonlinear dynamic of a hoisting viscous damping cable with time varying length. The theoretical model can be helpful for the researchers to comprehend its dynamics behavior and develop a method to restrain the vibration of the rope. Benosman (2014) proposed a control method to suppress the vibration of elevator main rope. The stability of the control method was analyzed based on Lyapunov theory. The author (Benosman, 2015) analyzed the vibration of the main rope by using a semi-active damper mounted on the top of the elevator car. The nonlinear controller was proposed based on Lyapunov theory, to stabilize the rope sway dynamics. However, the researches had not considered simultaneous vibration of the compensation rope and the main rope. Moreover, the optimal control parameters had not been considered in the researches. Yang et al. (2017) investigated the couple vibrations of building and elevator ropes with the theoretical and the experimental verification. The proposed model was then used to predict the sways of practical building and elevator ropes.
Most researches in the field of dynamics of the elevator ropes considered the vibration of one rope. There is a little research analyzes the simultaneous response of compensation rope and the main rope. Our previous research (Nguyen et al., 2017) only investigated and controlled the vibration of the compensation rope. In working conditions, the compensation rope and the main rope in elevator system vibrate simultaneously under environment excitations. Therefore, it is important to analyze and restrain the sways of the both ropes. This paper provides a way to analyze the simultaneous vibration of the compensation rope and the main rope respect to time varying length. The vibration of both ropes are restrained by using an actuator which installed at the end of the compensation sheave. The control method is proposed to suppress the vibration of ropes. Moreover, the control parameters are optimized by GA method under numerous kind of earthquakes. Then, the expected parameters which are used for elevator system under another earthquake, are provided by using standard deviation method. A numerical simulation is conducted to analyze the sway of the compensation rope and the main rope with time varying length (upward and downward). The simulation results verify the effectiveness of the control method to suppress the vibration of both ropes. Figure 1 shows the model of the high-rise building and elevator system. In this research, the building includes n floors. The mass of i th floor is mi, the damping coefficient of i th floor is ci, the stiffness coefficient of i th floor is ki, where i = 1… n. The elevator system consists of six parts. These are a main sheave, a main rope, a car, a compensation rope, a compensation sheave and a counterweight. In order to reduce the vibrations of elevator ropes, an actuator is applied at the bottom of the elevator system and connected to the system at the compensation sheave. This actuator will have an impact on the ropes tension. By changing the tension of the ropes, the vibration of the rope can be reduce. Moreover, the lateral vibration of the compensation sheave is very small compared to the lateral vibration of the main sheave. Nguyen, Miura and Sone, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) Therefore, it is better to install the actuator at the compensation sheave than to install it at the main sheave. The elevator car is assumed as a point mass. The equation of motion of the compensation rope is as follows:
Structural modelling 2.1 Compensation rope model
where ρ c is the compensation rope mass density, v( ) is the vertical velocity of the car, a( ) is the vertical acceleration of the car, c is the damping coefficient of the compensation rope, w c (y, t) is the transverse displacement of the compensation rope at the position y ∈ [0, l c (t)] to the compensation sheave, and c (y, t) is the tension of the compensation rope. The tension of the compensation rope is described as follows:
where M is the mass of the compensation sheave, and U is the control force applied by the actuator. In reality, the lateral response of the compensation sheave is insignificant. Therefore, in this study, the input from compensation sheave is neglected. To analyze displacement of the rope caused by building vibration, the transverse response of the compensation rope is as follows:
where w ̅ c (y, t) is the dynamic rope sway relative to the building, and f 2 (t) is the input from the environment acting at the car. The boundary conditions of the rope are as follows:
The solution of w ̅ c (y, t) is described in the form:
where q cj (t), j = 1,…, N is the modal coordinate with respect to w ̅ c (y, t), N is the number of modes, and φ cj (ζ c ) is the mode shape, which can be described as:
Substituting Eq. (5) into Eq.
(3) gives the following expressions for derivatives of the sway response of the compensation rope: 
Substituting Eqs. (7)-(13) in Eq.
(2) yields:
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The mode shapes used are normalized, so that:
A new independent variable can be defined as follows:
This new variable describes the time-variant domain [0, l c (t)] for y when changed to a fixed domain [0, 1] for ζ c . Therefore, the new coordinate of the normalization constraints is as follows:
Multiplying Eq. (14) byφ cj (ζ c ), i = 1,…, N integrating it from 0 to 1 and combining with Eqs. (15) and (16) the equation of motion becomes: Nguyen, Miura and Sone, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) 
where q c is a vector of the generalized coordinate, and M c , C c and K c are the matrices of mass, damping, and stiffness with respect to q c , respectively. The elements of the vector and matrices are expressed as follows:
where is the control force and δ = {
Main rope model
The equation of motion of the main rope is as follows:
where ρ m is the main rope mass density, c m is the damping coefficient of the main rope, w m (y, t) is the transverse displacement of the main rope at the position y ∈ [0, L-l c (t)] to the main sheave, and T m (y, t) is the tension of the main rope. The tension of the main rope is described as follows:
where m c is the mass of the car. The transverse response of the main rope is as follows:
The solution of w ̅ m (y, t) is described in the form:
where q mj (t), j = 1,…, N is the modal coordinate respect to w ̅ m (y, t) , and φ mj (ζ m ) is the mode shape:
As with the compensation rope, a new independent variable can be defined as follows:
This new variable describes the time-variant domain [0, Ll c (t)] at y when changed to a fixed domain [0, 1] for ζ m .The equation of motion of the main rope then becomes:
where q m is a vector of the generalized coordinate, and M m , C m and K m are the matrices of mass, damping, and stiffness with respect to q m , respectively. The elements of the vector and matrices are expressed as follows:
From Eq. (20) and Eq. (33), the equation of motion of two ropes is as follows:
where
Building model
The equation of motion of the building is:
are the mass matrix, damping matrix, and stiffness matrix of the building. m i , c i , k i , i = 1,…, n are the mass, damping, and stiffness of i th floor, respectively, and ẍi, ẋi, x i are the acceleration, velocity and displacement response of i th floor, respectively, and ẍg is the acceleration of earthquake excitation.
Vibration control and Genetic Algorithm (GA) description
Based on our previous researches (Nguyen et al., 2017) , , the controller is proposed as following:
where α= [ c1 c2 … cN m1 m2 … mN ] with ci , mi > 0, k i , i = 1,…, N are control parameters. The stability of the controller was consider in our previous researches. Genetic Algorithm is a stochastic global search method that imitates natural phenomena for its search operations. GA has become effective technique to solve optimization problem in the engineering areas. The method starts with a population random candidates and advances towards better solutions. Each individual of the population is assessed according to a predetermined fitness function and based on some genetic operators such as crossover, mutation and through some evolutionary repeated processes. Based on the Eq. (44), there is a large set of candidate values for control parameters, resulting in a substantially larger number of combinations to examine in order to find an optimum value satisfying the reduction of the vibration of the ropes. A genetic algorithm has been developed for finding the optimal values of the control parameters ci , mi . In addition, these parameters are searched in four cases: the elevator is upward, the elevator is downward, the elevator stops at the lowest location, and the elevator stops at the highest location. In each case, the control parameters were found. The value of control force depends on the value of the control parameters. However, the control force is limited to a value which is aimed to satisfy a practical operating condition. Therefore, the design variables ( ci , mi ) are set in a range from 1 to 1x10 6 to satisfy the safety condition of elevator system in practical. Moreover, conditions of the design variables are set as:
The above conditions will make the process of GA is not complicated and they are also suitable to set the values for an actuator in practical .The outline of the genetic algorithm technique is considered as following:
Firstly, an initial population of control parameters ( ci , mi ) is randomly produced in conformity with a predefined population size.
Secondly, each chromosome in the population is assessed through a predefine fitness function. Thirdly, the selection function is used to pick out the parents and then the crossover and mutation operators are applied to generate new children from picked out parents. According to the fitness function the newly generated children are evaluated.
Fourthly, the selection function is applied to select and create the new generation among the parents and children. Finally, pre-specific stopping criterion for the algorithm is being checked. If the algorithm reaches to predefined number of interactions, the processing terminates. Otherwise, the algorithm goes to Step 2.
The fitness function is defined as following:
where and are the displacement responses of the main rope and the compensation rope, respectively. In the GA processing, a stopping criterion is chosen. This value is the number of iteration which is enough high to satisfy the convergence of the method. The flowchart of the GA procedure is shown in Fig. 3 . The design variables of control ( ci , mi ) are represented as ci = 1 × 10 2 , mi = 3 × 10 4 . Then 1~4 are set as the genes for Genetic Algorithm. The parameters of Genetic Algorithm are shown in Table 1 .
In order to verify the convergence of the GA procedure, the evolution of the fitness function value can be observed in Fig. 4 or Fig. 5. Figure 4 and Figure 5 show the convergence of the fitness function when the elevator is downward under Kumamoto NS wave (2016, Kumamoto Earthquake) and Sendai NS wave (2011, Great East Japan Earthquake), respectively. In each case of moving car and external excitation, the evolution of the fitness function value is confirmed for the convergence. Note that, the number of the iteration can be increased to achieve the convergence. 
Simulation results
The elevator system properties used for numerical simulation are listed in Table 2 . The parameters of the high-rise building are described in Table 3 . The height of the building is 240 m with 60 floors, each height floor is 4 m. The mass of each floor is 2.0 × 10 6 kg and the damping ratios of 1 % are assumed. The elevator system is connected with the building at the highest floor of the building. The maximum length of elevator rope is 240 m with a density per unit length of 2.11 kg.m -1 and a damping coefficient of 0.0315 N.sec.m -1 . The minimum lengths of the compensation rope and the main rope are l 1 = 15 m and l 2 = 15 m, respectively. The masses of the compensation sheave and the car are = 3500 kg and m c = 1000 kg, respectively. The vertical velocity and the vertical acceleration of the car are = 8 m.s -1 and = 1.2 m.s -2 , respectively. A MATLAB implementation of an explicit Newmarkformula was used to integrate the motion equation of the ropes. The number of modes is selected by 3 to analyze the vibration of both ropes. Table 4 shows the optimal controller parameters by using Genetic Algorithm method under five cases of earthquake including Kumamoto NS wave (2016, Kumamoto Earthquake), Sendai NS wave (2011, Great East Japan Earthquake), Shinjuku NS wave (2007, Nigita Prefecture Chuetsu Oki Earthquake), Tomakomai NS wave (2003, Tokachi Earthquake) and Tokamachi NS wave (2004, Nigita Prefecture Chuetsu Earthquake) earthquake. The lateral responses of elevator ropes are analyzed for four cases of elevator operation: upward, downward, stopped at the highest location and stopped at the lowest location. Moreover, it takes a time to calculate the optimal control parameters by using GA method. It is not able to reduce the vibration of elevator rope in practical. Therefore, based on the optimal parameters, the expected value of control parameters is required to select. These value will be set for the actuator before an earthquake happens. The expected value of control parameters are found by using standard deviation method. These values will be tested for the elevator system under another earthquakes that is different with the earthquakes using in GA method. Nguyen, Miura and Sone, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) 
where α _ with j= m, c are expected controller parameters. is population standard deviation. 0 is a number of earthquake using GA method.
In order to save the energy of the actuator, the controller parameters are measured as:
The expected value of controller parameters are measured and listed in Table 4 . The relationship between the fundamental resonant frequencies of the compensation rope and the main rope with the rope length is described in Fig.  6 . The responses of the top floor are analyzed for four cases of elevator moment: upward movement, downward movement, stopped at the highest position and at the lowest position. The responses of the top floor are used as the inputs of vibration to the elevator system. These input parameters include the displacement response, velocity response and the acceleration response of the top floor of the building. The vibration of elevator rope is analyzed under some earthquakes. First, the vibration of the building is considered under earthquake excitation. Then, the responses of the top floor are used as the excitations of the elevator system. Figure 7 (a) shows the acceleration of the Osaka earthquake NS wave (2018, Osaka Prefecture Northern Earthquake). The acceleration, velocity, displacement responses of the top floor building are shown in Fig. 7 (b) , (c) and (d), respectively. The building is analyzed in 90 seconds under Osaka earthquake. However, the vibrations of the ropes are investigated in a random selected period 30 seconds (from second 15 th to second 45 th ) due to the elevator system takes about 30 seconds to operate elevator car from the first floor to the highest floor and vice versa. Moreover, the vibrations of the elevator ropes are also analyzed under Hokkaido earthquake NS wave (2018, Hokkaido Iburi Eastern Earthquake), Sakai earthquake NS wave (2016, Kumamoto Earthquake) and Konohana earthquake NS wave (2011, Great East Japan Earthquake). The expected value controller parameters are used to control vibration of elevator rope under these earthquakes. Figure 8 (a) and (b) show the displacement responses of the compensation rope and the main rope while the elevator car is moving upward under Osaka earthquake excitation. When the actuator is not used, the maximum displacement of the main rope and the compensation rope are 0.78 m and 0.13 m, respectively. When the actuator is applied with the expected value controller, it can be observed that the vibrations of the elevator ropes are slightly reduced. The maximum displacements of the main rope and the compensation rope with controller are 0.13 m and 0.10 m, respectively. The control force using for moving upward of elevator system is presented in Fig. 8 (c) . Note that the control force is limited by predefined value 10 5 N. It aims to satisfy the safety condition of the elevator rope. Nguyen, Miura and Sone, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.2 (2019) The displacement responses of the two ropes during downward movement of the elevator car are shown in Fig. 9  (a) and (b). The maximum displacements of the main rope and the compensation rope without the actuator are 1.44 m and 0.09 m, respectively. The maximum displacements of the main rope and the compensation rope with the actuator are 0.12 m and 0.08 m, respectively. It is observe that the effectiveness of the controller in controlling the vibrations of the ropes. The control force using for moving upward of elevator system is presented in Fig. 9 (c) .
When the elevator car is at the highest floor, the length of the compensation rope is maximum. Figure 10 (a) shows the lateral vibration of the compensation rope. The maximum displacements of the compensation rope in this case are 0.21 m without the controller and 0.08 m with the controller. The output of the control force is presented in Fig. 10 (b) . When the elevator car is at the lowest floor, the length of the main rope is at its longest. Figure 11 (a) shows the lateral vibration of the main rope. The maximum displacement of the main rope in this case is 0.09 m without the controller and with the controller. The output of the control force is presented in Fig. 11 (b) . Table 5 and Table 6 show the maximum displacements of the main rope and the compensation rope under four earthquake excitations. The reduction of the two ropes by using the actuator with expected value are also listed in these Tables. As shown in these Tables, the maximum displacements of the both ropes are reduced by using the proposed controller. It is also indicated that based on the standard deviation method, the expected values for proposed controller can be used to control the vibration of elevator ropes under earthquake excitation in general. 
Conclusions
The simultaneous vibration of the compensation rope and the main rope in high-rise elevator system were analyzed. This paper presented a method to control the lateral response of the both ropes under earthquakes excitation. Moreover, the Genetic Algorithm theory is applied to optimize the parameter of the controllers. The expected values are measured by using standard deviation method. The following conclusions can be drawn:  The numerical model results indicate good effectiveness of the control method combine with Genetic Algorithm theory for restraining the vibration of compensation rope and the main rope in a high-rise building under earthquake excitation. The proposed controller is also effective. The performance of the proposed controller is verified in cases elevator system movement: upward movement, downward movement, stopped at the highest location and stopped at the lowest location.  The expected values for proposed controller are applied for another cases of earthquakes. The consequence indicates that the proposed controller can be used for practical elevator system under earthquake excitation in general.  The results of this paper will be useful for engineering area in order to design and operate the elevator systems safety in high-rise buildings under earthquake excitations.
